We are interested in understanding mechanisms that govern the protective role of exercise against lipid-24 induced insulin resistance, a key driver of type 2 diabetes. In this context, cell culture models provide a 25 level of abstraction that aid in our understanding of cellular physiology. Here we describe the 26 development of an in vitro myotube contraction system that provides this protective effect, and which 27
INTRODUCTION 45 46
Cell culture based models are widely used to study cellular physiology. Such models are not beholden to 47 the methodological limitations of human and animal studies, allowing for higher throughput, while also 48 eliminating the need for tissue procurement. In vitro models have been applied to every facet of 49 physiological research, but their relevance hinges upon their reproducibility of observed phenomena 50 demonstrated in vivo and ex vivo. Several skeletal muscle contraction models have been published to 51 date, with the goal of improving our understanding of exercise physiology. These models have relied on 52 electrical pulse stimulation (EPS) of differentiated skeletal myotubes, and have faithfully reproduced 53 exercise induced hormone secretion (36, 38, 42, 45) , substrate utilization and metabolic signaling (15, 54 41), protein synthesis (6, 17), and gene expression (7, 9) . Despite their extensive application, many 55 exercise related phenomena still need cellular models to understand their beneficial roles with regards 56 to metabolism. 57 58 We (24) and others (46) have shown that physical exercise in adults can protect against lipid-induced 59 insulin resistance, a known driver of type 2 diabetes (12). This protective phenomenon has also been 60 demonstrated in a rat model of exercise (51), but is yet to be established in an in vitro cellular model 61 system. At the cellular level, insulin resistance manifests as a reduction in insulin stimulated glucose 62 uptake (11). Our earlier work indicated that the inflammatory cytokine tumor necrosis factor-α (TNFα) 63 reduces insulin stimulated glucose uptake and inhibits insulin signaling in C2C12 skeletal myotubes (13), 64 a murine cell line widely used to study muscle physiology (56) . Subsequent experiments have shown 65 that the TNFα effect is mediated through saturated lipids (54), such as palmitate (16:0), which inhibit 66 insulin signaling in vitro through phosphoinositide-3-kinase (PI3K), Akt/PKB, and glucose uptake (16, 23, 67 49 (100 U/ml) placed in a water-jacketed incubator set at 37 °C and 5% CO 2 . Prior to 80% confluence, cells 97 at passages 4 through 7 were plated onto gelatin coated twelve-well plates. Gelatin coating was 98 achieved by incubating wells with 0.1% gelatin (w/v in ddH 2 O) for two hours at 37 °C followed by PBS 99 washing. Upon confluence, media was switched to differentiation media comprised of DMEM high 100 glucose supplemented with 2% horse serum and 1% penicillin-streptomycin. Differentiation media was 101 replenished daily by removing 75% percent of cell media followed by the addition of fresh media. Cells 102 were deemed ready for stimulation after the C2C12 myoblasts fully differentiated into contractile 103 myotubes (4 to 5 days). Cells were then treated as shown in Figure 1B according to the techniques 104 described below. 105
106

Electrical Pulse Stimulation 107
Fully differentiated C2C12 myotubes were induced to contract via Electrical Pulse Stimulation (EPS), as 108 represented schematically in Figure 1A . An electric field was generated by submerged platinum (99.95%) 109 wire electrodes to promote membrane depolarization and action potential propagation as an artificial 110 excitation-contraction-coupling stimulus. Electrical current was provided at 1 Hz, 6 millisecond pulse 111 width (0.6% duty cycle), and 1. Figure 2 are representative optical flow fields for two adjacent myotubes over the course of a single 127 contraction ( Fig. 2A ), or at rest (Fig. 2B) . The direction and magnitude of each pixel vector is indicated by 128 the color wheel insert in Figure 2A . Spot noise maps were then created for each optical flow field, 129 combining both magnitude and direction into a single pixel color value (Fig. 2C-D Uptake of radiolabeled glucose was terminated by aspiration and rapid washing three times with ice 164 cold PBS. Cells were then lysed with 0.1 % SDS in ddH 2 O on a plate shaker for 30 minutes. Lysate was 165 used for both BCA protein quantification as an internal control and for scintillation counting following 166 the addition of ScintiSafe scinitillation cocktail. Glucose uptake rate was calculated as a percentage 167 increase over control uptake (without EPS, palmitic acid, or insulin treatment). Results from three 168 independent experiments, each in triplicate, were normalized to control non-insulin and insulin 169 stimulated glucose before compiling datasets. 170
171
Lipid Kinase Assay 172
Phosphoinositide-3-kinase-α (PI3Kα) activity was determined as previously described (39, 40) . Briefly, 173 following EPS and palmitic acid challenge, cells were incubated with or without 1.0 µM insulin for 5 174 minutes. Insulin stimulation was stopped by aspiration and rapidly washed once with ice cold PBS. 175
Washed cells were placed on dry ice for immediate freezing. Plates were scraped and experimental 176 triplicates combined for a minimum of 300 µg, of which 150 µg was used for immunoprecipitation with 177 IRS-1 (Cell Signaling Technologies, Danvers, MA, USA) or pan-PI3Kα-P110 (Santa Cruz, Dallas, TX, USA) 178
antibodies. The same antibodies were also used for Western blotting. Lysates were then incubated with 179 phosphatidylinositol (PI) (Sigma Aldrich) and radiolabeled ATP [γ-32 P] (Perkin Elmer) with continuous 180 agitation. Samples were then blotted onto thin layer chromatography plates for separation. Subsequent 181 radiographs were quantified by fixed area density calculations using ImageJ. 182
183
Western Blotting 184
Following treatment with or without EPS and palmitate, myotubes were incubated with or without 1.0 185 µM insulin for 10 minutes. Cells were then washed twice with ice cold PBS before the addition of a cell 186 extraction cocktail (5% Protease Inhibitor, 5% Phostop, 1% Sodium Orthovanadate, 0.35% PMSF, in Cell 187 Extraction Buffer). Plates were then stored at -80°C until ready for scraping and cell lysate preparation. 188
Collected crude cell lysates were spun down at 10,000 xg for 10 minutes to pellet any insoluble matter. 189
Supernatant was collected and quantified for total protein content (Pierce BCA Protein Assay Kit, 190 Thermo Scientific). Protein (25µg) Chicago, Illinois, USA) were used (2 hour secondary incubation), and chemiluminescent detection was 200 performed on a LAS 500 imager (GE Healthcare). Blots were quantified using ImageJ. 201
202
Statistical Analysis 203
All analyses were performed in GraphPad Prism 5 (La Jolla, CA, USA). Data were tested for normality 204 using the Kolmogorov-Smirnov test. For normally distributed data, a Student's t-test was used to 205 determine statistically significant differences between treatments. For non-normally distributed data a 206
Mann-Whitney test was used instead. A Δ% between mean insulin and non-insulin stimulated glucose 207 uptake was calculated for the four treatment combinations (control, EPS, PA, EPS+PA) to represent 208 insulin specific action on glucose uptake (see Figure 3B ). Standard deviations were determined from the 209 variance of the difference of the means as calculated using the Central Limit Theorem. Data from 210 independent experiments were normalized to the internal (non-insulin stimulated) control within each 211 experiment. The accepted P-value for significance was set at less than 0.05. All data are presented as 212 means and standard deviations, with replicate numbers indicated in figure legends. 213 214 215
RESULTS
217
Contractility 218
A reliable model of exercise will most obviously produce contracting muscle cells, but more importantly 219 respond to contraction stimuli in a predictable manner. Supplemental Video 1 shows that EPS induced 220 contractions are directly dependent on stimulus frequency, with higher frequencies (>4 Hz) almost 221 inducing a tetanic state. Optical flow field spot noise mapping ( Fig. 2A-D) calculations show that EPS 222 readily increases myotube contraction (Fig. 2E ). The addition of 10 mM ammonium acetate instantly 223 inhibited contraction, despite continued EPS (Supp. Video 2). Within one minute, contractility is reduced 224 significantly (99.0 ± 3.5% vs. 64.0 ± 10.6%, P=0.008) (Fig. 2F) . Mean contractility of ammonium acetate 225 treated myotubes remained significantly lower than control contractions throughout the 5-minute 226 observation period. 227
228
Glucose Uptake 229
Radiolabeled glucose uptake by C2C12 myotubes is presented here as a percentage increase over 230 control without insulin stimulation (Fig. 3A) . In the absence of insulin, EPS significantly (P=0.002 vs. 231 control) increased the glucose uptake rate by 83%. Palmitate treatment alone acutely increased glucose 232 uptake (15%, P=0.01), to a much lower extent than EPS. EPS treatment followed by palmitate challenge 233 and EPS alone had similar glucose uptake rates in the absence of insulin (P=0.58) and was still 234 significantly greater than non-insulin stimulated control uptake rate (68%, P=0.007). Insulin stimulation, 235 as expected, resulted in an increase in glucose uptake (75%, P<0.001), with an effect size similar to that 236 of EPS alone (P=0.70) (Fig. 3A) . Prior EPS stimulation, followed by a 4 hour "rest" period, produced a 237 higher insulin stimulated glucose uptake rate than insulin stimulation alone (138%, P=0.003). Prior 238 palmitate treatment reduced the insulin stimulated glucose uptake rate (54%, P=0.03, Fig. 3A) , with an 239 effective reduction in insulin specific action on glucose uptake of 49% (75% vs. 39%, P<0.001, Fig. 3B) . 240 EPS was able to rescue the inhibitory effect of palmitate on insulin stimulated glucose uptake and insulin 241 responsiveness ( Fig. 3A and 3B ). Total Glut4 protein expression remained unchanged ( Fig. 3C and D) . (Fig. 4B) . As expected, insulin stimulation increased Akt phosphorylation by ten-fold (Fig. 4C) . 255
Prior EPS stimulation did not affect this insulin-stimulated increase in phosphorylation. As with the 256 glucose uptake rate, palmitate significantly reduced insulin-stimulated phosphorylation of Akt to only 257 five-fold of non-insulin stimulated levels (P=0.048). This inhibitory effect was fully rescued by prior EPS 258 stimulation (Fig. 4C) . Total protein expression of Akt was decreased by EPS stimulation, with a significant 259 reduction in total expression in the combination of EPS and palmitate treatment (P=0.013, Fig. 4D) . 260
PI3Kα catalytic subunit expression was unaltered by either EPS or palmitate treatment (Fig. 4E) . IRS-1 261 protein expression, however, was significantly reduced by about 50% following EPS treatment in the 262 presence (P=0.037) or absence (P=0.024) of the palmitate challenge (Fig. 4F) . 263 264 We measured the activity of IRS-1 associated PI3K and PI3Kα, to determine the specificity of PI3Kα 265 activation in all treatment conditions (see Fig. 1B ). IRS-1 associated PI3K activity was increased in 266 response to EPS treatment (P=0.048, Fig. 5C ) similar to non-insulin stimulated Akt phosphorylation (Fig.  267   4B) . While, insulin stimulated IRS-1 associated PI3K activity was not altered by EPS (Fig. 5E) . However, 268
IRS-1 associated PI3K activity showed a slight but non-significant reduction with palmitate challenge (Fig.  269   5E ). Interestingly, PI3Kα activity was not altered with either EPS or palmitate treatments in the absence 270 of insulin stimulation (Fig. 5D) . Significantly, EPS protected against palmitate-induced reductions in 271 PI3Kα activity, despite the reduction in enzyme activity (Fig. 5F ). These data match the insulin 272 responsiveness data shown in Figure 3B . 273 274 DISCUSSION 275
276
The objective of this study was to develop an in vitro contraction model that allows for elucidation of 277 the protective effects of exercise against lipid-induced insulin resistance. By taking a reductionist 278 approach, we were able to abstract the effects of contraction on muscle insulin signaling, independent 279 of the systemic effects of exercise. We demonstrate that the protective effect of exercise on peripheral 280 insulin sensitivity may be explained by muscle contraction alone. The protection is evident at the 281 proximal level of the insulin-signaling pathway, which is inhibited under insulin resistant states in type 2 282 diabetes (5). 283
284
Much of the difficulty in developing in vitro models lies in the optimization of cell culture methods. We 285 reviewed the literature of successfully implemented C2C12 contraction models (2, 4, 14, 18-20, 34, 35, 286 41, 43, 50, 55, 57) and tested a variety of approaches. Pre-coating plates with gelatin, growth until 287 confluence, and daily partial changes in media resulted in full differentiation of C2C12 myocytes into 288 contractile myotubes within 5 days. These specific technical details were absent from previously 289 reported methods. Visually confirmed contraction was immediately evident upon EPS, without the need 290 for an acclimation period to align sarcomeres, as reported by others (18) (19) (20) 41) . To confirm and quantify 291 myotube contractility, we used a novel application of a video analysis algorithm ( Fig. 2A-E 
) (53). With 292
this technique, we are able to confirm the inhibitory effect of ammonium acetate on muscle 293 contraction, further demonstrating the ability of our model to replicate in vivo contractile dysfunction in 294 response to a specific intervention (Fig. 2F) (37) . Traditionally, contractility measures are made via cell 295 shortening microscopy, force transducers or other engineered devices (22). This application of the 296 model with optical flow field mapping provides an accurate and higher throughput approach to study 297 the effects of various stimuli on contractility in vitro, which can be applied to simple bright field 298 microscopy videos. 299
300
We used a total of 16 hours of EPS in this model. An exercise bout of this length is not common in 301 humans or rodents. However, this duration, produced a persistent effect on potentiating glucose uptake 302 (Fig. 3A) and interleukin-6 secretion (data not shown), and are consistent with effects previously 303 observed after physical training (25). IRS-1 protein expression data gives an indication as to what type of 304 exercise this model mimics. Chibalin et al. have shown that 6 hours of daily swimming in rats reduces 305 muscle expression of IRS-1 only after 5 days (10), suggesting that our model is equivalent to several 306 consecutive days of aerobic training (Fig. 4F) . IRS-1 associated PI3K activity as well as Akt 307 phosphorylation were also elevated following the 5 days of training in rats, consistent with our 308 observations ( Fig. 4B and Fig. 5C ). However, in contrast to their study, marked reduction in total Akt 309 protein expression was observed following EPS (Fig. 4D) , suggesting a negative-feedback 310 downregulation as described by Chibalin et al. for the reduced IRS-1 expression (10). Despite protecting 311 against insulin resistance, EPS reduced expression of key elements in the canonical insulin-signaling 312 pathway, indicating a role for alternative non-canonical signaling pathways. Previous studies have 313 suggested that the insulin-receptor substrate-2 (IRS-2) may mediate the alternative pathways in 314 downstream signals (8, 10, 28, 29) . Furthermore, insulin-stimulated PI3Kα activity in our model (Fig. 5F ) 315 supports the idea that mechanisms independent of insulin receptor substrate may play a role in the 316 protective effect of contraction against palmitate-induced insulin resistance. 317 318 Shorter, 20 minute, palmitate incubations of L6 and C2C12 myotubes increases glucose uptake, in an 319
Akt/PKB and ERK1/2 dependent manner (44). Here we show that this acute effect of palmitate persists 320 for up to 4 hours (Fig. 3A) . Palmitate does not appear to alter EPS induced increases in glucose uptake, 321
Akt phosphorylation, or PI3K activity in the absence of insulin. In the presence of insulin, the inhibitory 322 effects of palmitate are seen in our glucose uptake and Akt phosphorylation data, consistent with many 323 other observations (16, 49, 51, 52) . We also show that EPS drives an increase in Akt phosphorylation 324 (Fig. 4B) . Camera et al. reported that both endurance and resistance exercise can increase muscle Akt 325 phosphorylation in the absence of insulin stimulation for up to 60 minutes after exercise (8). Our data 326
here suggests that increased Akt phosphorylation is likely driven by increased IRS-1 associated PI3K 327 activity under non-insulin stimulated conditions (Fig. 5C ), which persists in vitro for up to 4 hours (Fig.  328 4A ). The effect of the combination of EPS and insulin stimuli on glucose uptake was not fully additive 329 (Fig. 3A-B) , which may be due to a saturation in uptake rate with the dual stimuli. Alternatively, this 330 finding supports the notion of shared pools of recruitable glucose transporters (12). 331 332 Even one week of daily exercise results in improved peripheral insulin sensitivity in man (33). We have 333 also previously shown that individuals engaged in regular exercise training have greater insulin 334 stimulated activation of IRS-1 associated PI3K activity (31), which is diminished in muscle of T2D patients 335 (30) . This in vitro model does not display a characteristic increase in insulin responsiveness at the levels 336 of glucose uptake (Fig. 3B) or IRS-1 associated PI3K activity (Fig. 5E ) (26). Gao et al. have demonstrated 337 that a serum factor is necessary to produce contraction-induced increases in muscle insulin sensitivity 338 (21). Although a low concentration of horse serum is present during the EPS bout in our model, 339 subsequent treatments were performed in serum free medium to avoid the confounding effects of 340 additional fatty acids in serum. As a result, the necessary insulin sensitizing factor would not be present 341 during palmitate challenge or insulin stimulation. Furthermore, the horse serum and host serum (mouse 342 in this model) may be different in regards to its role in modulating insulin signaling. This observation, like 343 other aforementioned inconsistencies, suggest different systemic versus cell specific effects of exercise 344 that can only be identified through abstraction. 
